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Carbon-tetrabromide CBr4 is utilized as the p-type doping source in modulation-doped
pseudomorphic In0.3Ga0.7Sb /AlxGa1−xSb quantum well structure. Carbon delta-doping is achieved
by switching off group III elements while the flow of CBr4 is on during the growth of AlSb barrier
layer. The hole mobility of strained In0.3Ga0.7Sb quantum well decreases monotonically from 600 to
400 cm2 /V s while the sheet carrier concentration increases from 7.51011 to 4.11012 cm−2
with increasing carbon delta-doping. © 2010 American Vacuum Society. DOI: 10.1116/1.3358291I. INTRODUCTION
For high-speed device applications, the high electron mo-
bility makes III-V compound semiconductors a better choice
over Si. However, the low hole mobility greatly offsets this
advantage for the application to complementary metal-oxide-
semiconductor CMOS logic circuits. The imbalance be-
tween electron and hole mobility would make the design of
III-V CMOS a great challenge. Among III-V compound
semiconductors, only GaSb and InSb have a higher hole mo-
bility than Si. When forming compounds, GaSb and InSb are
totally miscible and the physical properties of the InxGa1−xSb
alloy vary monotonically with indium composition without
suffering severe alloy scattering at room temperature.1 Be-
sides the high intrinsic hole motility, another reason of uti-
lizing InxGa1−xSb alloy, instead of pure GaSb, is to incorpo-
rate strain to further enhance the hole mobility. Hole mobility
enhancement by incorporating strain in the conduction chan-
nel of the field-effect transistor FET has been successfully
demonstrated in Si and SiGe MOSFETs.2 The enhancement
factor can be more than 50% over devices with unstrained
channel, depending on the size and orientation of the strain
induced by the composition change around the channel. The
main effect of incorporating strain into the conduction chan-
nel is to increase the warping of valence bands, especially
heavy-hole, and the separation between heavy-hole and
light-hole bands.3 The increased curvature of the topmost
valence band curve decreases effective hole mass and there-
fore increases hole mobility. Therefore, the hole mobility of
compound semiconductors could also be enhanced with
strain, which can be introduced by simply inserting pseudo-
morphic layer designs into the device structure.
The aforementioned advantages suggest that the
InxGa1−xSb alloy is a good candidate for p-channel III-V
FET. Recently, a room-temperature hole mobility about
1000 cm2 /V s at a sheet carrier concentration around
1.10.21012 cm−2 has been demonstrated in strained
InxGa1−xSb /AlxGa1−xSb modulation-doped quantum well
QW FETs grown on GaAs substrates using beryllium Be
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creasing indium content, showing a peak value when InSb
composition is 0.4. This result demonstrated that III-V
complementary logic circuits with balanced n-channel and
p-channel FETs similar to Si/Ge CMOS are possible.
However, Be, which is widely utilized for p-type doping
in molecular beam epitaxy MBE grown III-V materials, has
the tendency of outdiffusing to adjacent layers, especially at
elevated temperatures. This characteristic raises the concern
that Be may diffuse into the conduction channel since the
distance between the Be-doped layer and the channel is gen-
erally less then 20 nm. Diffusion of Be into the conduction
channel would cause impurity scattering and decrease the
hole mobility. The outdiffusion of Be has been reported else-
where in InSb:Be, which shows a broad secondary ion mass
spectroscopy doping profile even using a low growth tem-
perature of 340 °C.5 In that report, the doping concentration
in InSb at 20 nm below the 30 nm thick Be-doped InSb is ten
times larger than the background carrier concentration. The
growth temperatures for the InxGa1−xSb channel and the
AlxGa1−xSb buffer layer are usually much higher than
340 °C, which increase the possibility of Be diffusion. On
the contrary, carbon has a much smaller diffusion coefficient
than Be. For example, the diffusion coefficient of carbon is
five times smaller than that of Be in GaAs at 800 °C.6
Therefore, to avoid this problem, carbon is selected as a
p-type dopant since it is much more stable than Be and
would minimize the impurity scattering.
II. EXPERIMENT
The epitaxial growth was carried out in a modified
Perkin–Elmer gas-source MBE system. Arsine AsH3 and
phosphine PH3 injected through high temperature crackers
were used to generate As2 and P2, respectively. The flow
rates of AsH3 and PH3 were controlled by mass flow control-
lers. The antimony molecular beam was supplied by ther-
mally decomposing high purity antimony into Sb2 via an
antimony valved cracker cell and its flux was precisely con-
trolled by a trombone valve located at the front of the valved
cracker cell. The beam equivalent pressure BEP of group
III Ga, In and Sb was measured with an ion-gauge fixed at
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achieved by incorporating carbon during the growth using a
CBr4 carbon-tetrabromide source via an ultrahigh vacuum
leak valve. The substrate temperature was controlled and
monitored by a thermocouple in contact with the backside of
the sample holder. During the growth, the reflection high-
energy electron diffraction patterns were used to monitor the
status of the surface reconstructions.
The layer structure of the modulation-doped InxGa1−xSb
QW structure is shown in Fig. 1. The structure was grown
metamorphically on semi-insulating InP substrates and the
growth procedures of buffer layers up to the InxGa1−xSb
channel layer have been reported in an earlier publication.7
After the AlSb buffer layer grown at 500 °C, the pseudomor-
phic InxGa1−xSb channel layer was grown at 430 °C. The
InxGa1−xSb channel is 9 nm thick, which is within the critical
thickness8 to avoid defect generation. The growth was final-
ized with 25 nm AlSb barrier layer and 5 nm InAs contact
layer. The delta-doping layer was inserted inside the AlSb
barrier layer and located at 15 nm above the channel. Unlike
Be-doping structures reported in Sb-alloy structures4 where a
finite thin region 2 nm of the barrier layer is doped, the
carbon-doping structure utilized here is a delta-doping with
zero thickness. Carbon delta-doping was achieved by inter-
rupting group III element aluminum while the flow of CBr4
was on. After the growth, the lattice constants of the struc-
ture were determined from the rocking curves measured with
a Bede D1 high-resolution x-ray diffraction system. Digital
Instruments Dimension 3000 atomic force microscope was
used to measure the surface roughness. To perform Hall mea-
surements, the ohmic contacts were made with In:Zn alloy
on the InAs contact layer and the InAs contact layer was then
removed with an etching solution consisting of citric acid
and hydrogen peroxide.
III. RESULTS AND DISCUSSIONS
As shown in Fig. 2, the high-resolution x-ray diffraction-
rocking curve of a pseudomorphic InxGa1−xSb /AlSb QW
structure shows multiple peaks. The capping InAs contact
layer was removed in this measured structure. The strongest
peak, located at 0 arc sec, is attributed to InP substrate and
FIG. 1. Layer structure of the strained In0.3Ga0.7Sb /AlSb quantum well
structure. The delta-doping is located at 15 nm above the channel.AlAsSb buffer layer lattice-matched to InP. The peak located
J. Vac. Sci. Technol. B, Vol. 28, No. 3, May/Jun 2010near 5600 arc sec is the 800 nm AlSb buffer layer, which is
98% relaxed by analyzing the separation between AlSb peak
and the InP substrate peak. The minor peak at around 8400
arc sec belongs to the strained InxGa1−xSb QW. The analysis
of the peak position with respect to AlSb peak showed the
composition of InSb in the InxGa1−xSb QW is 0.3.
To set the reference baseline, the structures shown in Fig.
1, without carbon delta-doping, were grown to characterize
the intrinsic hole mobility and sheet carrier concentration of
strained In0.3Ga0.7Sb QW structures. The growth temperature
of the In0.3Ga0.7Sb QW was fixed at 430 °C for all tested
structures, and the V/III BEP ratio was adjusted to optimize
the intrinsic characteristics. The intrinsic hole mobility and
sheet carrier concentration of samples grown under different
V/III BEP ratios are plotted in Fig. 3. The lower end of the
V/III BEP ratio was limited by the onset of the surface dete-
rioration of the thin In0.3Ga0.7Sb layer on AlSb, which corre-
sponds to a V/III BEP ratio of 3.5. The hole mobility of the
strained In0.3Ga0.7Sb QW generally decreases from above
350 cm2 /V s to below 300 cm2 /V s as V/III BEP ratio is
FIG. 2. High-resolution x-ray rocking curves of strained InxGa1−xSb /AlSb
quantum well structure with x=0.3. Peaks are attributed to InP substrate plus
AlAsSb, AlSb buffer, and In0.3Ga0.7Sb quantum well.
FIG. 3. Intrinsic sheet carrier concentration and hole mobility vs V/III beam
equivalent pressure ratio used to grow the unintentionally doped In0.3Ga0.7Sb
quantum well, i.e., the quantum well structures without carbon delta-doping.
Filled squares represent the hole mobility while empty squares represent the
sheet carrier concentration.
C3C31 C. Liao and K. Y. Cheng: Hole mobility in pseudomorphic InGaSb quantum well modulation doped with carbon C3C31increased. On the other hand, the sheet carrier concentration
decreases with the decreasing V/III BEP ratio, opposite to
the trend of the hole mobility. The same variations in hole
mobility and sheet carrier concentration with V/III BEP ratio
have also been reported in GaSb grown by MBE.9 The de-
pendence of the sheet carrier concentration in In0.3Ga0.7Sb on
the V/III BEP ratio is similar to GaSb. By adjusting the V/III
BEP ratio, the sheet carrier concentration could be lowered
to about 81011 cm−2, and the hole mobility at this concen-
tration is about 360 cm2 /V s. However, despite the addition
of indium into the QW, the pseudomorphic In0.3Ga0.7Sb QW
structure does not show an expected higher mobility than
GaSb QW structure. The GaSb QW structure was grown and
measured using the same layer structure as shown in Fig. 1,
except the channel material was a 15 nm thick GaSb. The
intrinsic hole mobility and sheet carrier concentration of
GaSb QW structure are 360 cm2 /V s and 1.31012 cm−2,
respectively. The hole mobility of the unstrained GaSb chan-
nel is the same as that of the strained In0.3Ga0.7Sb channel at
a similar sheet carrier concentration, which means there is no
hole mobility improvement despite the incorporation of in-
dium and compressive strain into the GaSb channel. The
results indicate that other factors might have limited the hole
mobility of the strained In0.3Ga0.7Sb channel. For example,
heterojunction interface roughness between AlSb and
In0.3Ga0.7Sb could lead to interface scattering and affect the
carrier transport in the channel.
To clarify the sources of the extra scatterings, samples
with the same structure as Fig. 1 were grown, except that a
10 nm Al0.7Ga0.3Sb layer was inserted between the
In0.3Ga0.7Sb channel and the AlSb buffer layer. By adding Ga
into AlSb, it is expected that the improved Al0.7Ga0.3Sb sur-
face morphology may lead to a better interface. The root-
mean-square surface roughness of 800 nm thick GaSb and
AlSb grown on InP substrates was measured to be roughly
0.4 and 0.6 nm, respectively. Therefore, the thin Al0.7Ga0.3Sb
layer is expected to provide a smoother heterojunction inter-
face than AlSb to reduce the scattering. However, the thick-
ness of the Al0.7Ga0.3Sb layer has to be kept thin since it has
a finite bulk resistivity of about 1  cm. The V/III BEP ratio
for the growth of In0.3Ga0.7Sb QWs was fixed at 4.4 and the
growth temperature was 430 °C. The hole mobility and
sheet carrier concentration of QW structures under different
delta-doping conditions are displayed in Fig. 4. The data of a
carrier concentration of 7.51011 cm−2 corresponds to an
undoped structure without carbon delta-doping and shows a
hole mobility of 600 cm2 /V s. Compared with the results of
the GaSb QW structure shown above, it is evident that the
hole mobility is improved by incorporating indium and com-
pressive strain into the InGaSb QW. The insertion of an
Al0.7Ga0.3Sb layer between the AlSb buffer and the
In0.3Ga0.7Sb QW improves the hole mobility by 1.5 times at
the same carrier concentration over the strained In0.3Ga0.7Sb
QW structure grown directly on AlSb. The hole mobility is
close but not as high as that reported in Ref. 4 which showed
a hole mobility of 800 cm2 /V s at a carrier concentration
12 −2of 1.110 cm . One possible reason is that the growth
JVST B - Microelectronics and Nanometer Structuresconditions of the In0.3Ga0.7Sb channel were not optimized,
such as the growth temperature and growth rate. Another
possible reason could be due to the parallel conduction of the
thin Al0.7Ga0.3Sb layer because of its finite resistivity. Its
composition and thickness need further optimization to mini-
mize the parallel conduction.
The effect of carbon delta-doping was investigated using
the structure discussed above, with a 10 nm thick
Al0.7Ga0.3Sb layer between the In0.3Ga0.7Sb QW and the
AlSb buffer. The carbon delta-doping layer was located at 15
nm above the channel layer, and the doping concentration
was modulated by controlling the flow time of CBr4. The
flow of CBr4 was controlled by a pressure controller and set
at 0.075 Torr. The corresponding hole mobility and sheet
carrier concentration are shown in Fig. 4. The results show
that carbon delta-doping is effective, increasing the sheet car-
rier concentration from 7.51011 cm−2 to about 1
1012 cm−2, with one second of CBr4 flow. The hole mo-
bility decreases from 600 to 540 cm2 /V s with increasing
the sheet carrier concentration. When the CBr4 flow time is
increased to 3 s, the carrier concentration increases to 4.1
1012 cm−2, and the hole mobility decreases to
400 cm2 /V s. The results suggest that the doping concentra-
tion of the In0.3Ga0.7Sb channel can be easily controlled us-
ing CBr4 as the delta-doping source.
In conclusion, the hole mobility in pseudomorphic
In0.3Ga0.7Sb QW structures has been studied. The undoped
In0.3Ga0.7Sb /AlSb heterostructure has a p-type background
hole concentration of 81011 cm−2 and a hole mobility of
360 cm2 /V s. Adding a thin Al0.7Ga0.3Sb layer between the
channel and the buffer layer can improve the hole mobility of
the In0.3Ga0.7Sb QW channel to 600 cm2 /V s at a hole con-
centration of 7.51011 cm−2 due to the improved interface
morphology. P-type delta-doping is found to be effective in
FIG. 4. Sheet carrier concentration vs hole mobility of strained In0.3Ga0.7Sb
quantum wells. Filled squares represent results of In0.3Ga0.7Sb quantum
wells grown on 10 nm Al0.7Ga0.3Sb /800 nm AlSb buffer layers under dif-
ferent carbon delta-doping conditions. The filled triangle represents the re-
sult of In0.3Ga0.7Sb quantum well grown on AlSb buffer without carbon
delta-doping.pseudomorphic In0.3Ga0.7Sb /AlxGa1−xSb heterostructures us-
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of CBr4 can modulate the doping concentration easily.
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